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ABSTRACT

Interstellar absorption lines in the spectrum of { Oph have been investigated using a synthesis technique
to superpose 31 high-dispersion spectrograms in the wavelength region 3650-4340 A. The minimum detectable
equivalent width is approximately 0.25 mA. Lines which have been observed for the first time in the spectrum
of this star are Ca 1 AM4226, Fe 1 AA3720 and 3860, and K 1 AA4044 and 4047. Using these data and assuming
ionization equilibrium, a new evaluation of the electron density, hydrogen density, and elemental abundances
is presented for the — 15 km s~* cloud. With the direct measurement of both the Ca 1 and Ca 11 column densities,
the relative abundance computations are shown to be insensitive to the choice of radiation field and kinetic

temperature.

Subject headings: interstellar matter — stars, individual

I. INTRODUCTION

The interstellar line spectrum of { Ophiuchi has been
studied more thoroughly than that of any other star.
Adams (1949) noted the presence of all then known
interstellar absorption lines with the exception of those
produced by Fe 1 and Ca 1. Herbig (1968) has given a
very thorough discussion of the physical conditions in
the clouds where the lines are formed. He argued, based
on 21-cm observations of the neutral hydrogen, and on
optical and radio observations of the H 11 region close
to £ Oph, that the —15 km s~ cloud is an H 1 region
which is probably at least 15 pc from the star itself.
He examined the physical conditions in the cloud
using the equations of ionization equilibrium and
assuming a normal (solar) sodium abundance. With
these assumptions, an electron density of 0.4 cm~3
was computed, and a hydrogen density of about
700 cm ~2 was estimated.

Hobbs (1973) has made accurate radial velocity and
line profile measurements for several atomic lines and
the strong CH* line A4232. In comparing these obser-
vations, he noted a radial-velocity shift of 1.6 km s~?
between the CH* line and the single, sharp K 1 line
A7699 at —14.4 km s~*. This difference may be inter-
preted to mean that the molecular lines and the atomic
lines arise in different clouds or simply in different
regions of the same cloud. In either case, it seems
prudent to discuss the atomic ionization equilibrium
independently of the molecular observations insofar as
possible, and to avoid ascribing the same physical
conditions to the atomic and molecular regions.

The Copernicus satellite has recently made far-
ultraviolet observations of many previously unobserved
atomic speeies (Morton et al. 1973). The results indi-
cate that many elements, including carbon, are under-
abundant relative to hydrogen. Most probably, the
missing fractions are tied up in grains, but in light of

Hobbs’s (1973) observations referred to above, the
possibility exists that the depletion factors may be
different in the atomic and molecular regions. The
Copernicus observations of molecular hydrogen
(Spitzer et al. 1973) indicate that no more than 50
percent of the hydrogen in the line of sight is in the
molecular form. Assuming that no large amount of
hydrogen is locked in grains, it is apparent then that
abundances computed from total line-of-sight atomic
column densities will not be in error by more than a
factor of 2.

In this paper, we present new ground-based obser-
vations of weak, atomic lines in the wavelength region
3650-4340 A. The limiting sensitivity of the study cor-
responds to an equivalent width of approximately
0.25mA. The Ca 1 4226 measurement permits an
accurate determination of the electron density in the
—15 km s~* cloud (§ IVe) which is independent of any
assumptions of normal abundance. The electron density
is then used to compute elemental abundances (§ IVc)
which are largely independent of the assumed radi-
ation field. These abundances are finally compared
with the solar abundances of Withbroe (1971) and the
Copernicus satellite results (Morton et al. 1973).

II. OBSERVATIONS AND DATA REDUCTION

A total of 31 spectrograms of { Oph in the wave-
length region 3650-4340 A were obtained with the
coudé spectrograph of the Lick Observatory 120-inch
(3-m) telescope in 1968-1969. The dispersion, using the
160-inch (4-m) camera, was 1.3 Amm~!, and the
resolution with a projected full slit width at half-
maximum (FWHM) of 35 u was A/AX = 100,000. The
average exposure time was 45 minutes, and the spectra
were widened to about 5 mm.

The densitometry was carried out at the Goddard
Institute for Space Studies using a D. W. Mann model
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F1G. 1.—The increase in sensitivity resulting from the synthesis technique. The region near Fe 1 A3860 in { Oph is shown for a
single good plate and for spectra synthesized from 6 and 31 plates. The equivalent width of the line is 1 mA.

1140 microdensitometer with a scan slit projected
FWHM of 10 u. The output from the densitometer
photomultiplier tube was digitized and recorded on
magnetic tape together with the comparator screw
position every 4 u along the plate. Subsequent proces-
sing was entirely digital. For each spectrogram, the
wavelength and intensity calibrations were carried out
in the usual manner; the final product was a digital
record of intensity as a function of wavelength. The
accuracy of the wavelength calibrations was found to
be better than 0.005 A (0.4 km s~* at 4000 A) for all
plates. Agreement between our equivalent widths and
those measured by other observers is better than 10
percent, indicating that the wusual accuracy for
photographic intensity calibrations was achieved.

The 31 spectrograms were then combined to produce
what we call the synthesized spectrum. The synthesis
was accomplished by averaging the intensities at each
wavelength using a weighting factor for each spectrum
inversely proportional to the average mean-square
noise. The resulting spectrum is the equivalent of a
single 24-hour exposure. The dramatic improvement
in signal-to-noise ratio is illustrated in figure 1, which
shows the region near Fe 1 A3860. The equivalent
width of this new line is only 1 mA—about one-third
the minimum detectable on a single high-quality plate.

III. RESULTS

The atomic absorption-line profiles found in the
synthesized spectrum are shown in figure 2. Five of

the seven atomic lines are the first such detections in
the spectrum of ¢ Oph: Ca 1 24226, Fe 1 AA3720 and
3860, and K 1 AA4044 and 4047. (The molecular lines
will not be discussed here. The results may be found in
previous publications : Bortolot, Clauser,and Thaddeus
1969; Bortolot and Thaddeus 1969; Thaddeus 1972.)
The equivalent widths and heliocentric radial velocities
of all the atomic lines are given in table 1, which also
includes f~values and equivalent widths and velocities
obtained by Herbig (1968). With the exception of Na 1
and Ti u (Herbig 1968) and Li 1 (Traub and Carleton
1973), absorption lines due to other atomic species are
not known in the visible spectrum of { Oph.

All the lines in table 1, except those of Ca m at
—15 km s~1, are unsaturated, and the column density
can be calculated from the usual relation

mc?W 113 x 102°W -2
= meNy T ey

where W and A are measured in angstroms. For Ca 11,
the doublet ratio method (Miinch 1968) may be used.
From our doublet ratio of 1.69, we obtain a column
density of 4.8 x 10'* cm~2 and a Doppler width of
1.9kms~t All of the column densities for the
—15km s~* cloud are shown in table 2.

IV. IONIZATION EQUILIBRIUM

Our detection of Ca 1 24226 in the —15kms~?
cloud permits a direct calculation of the ionization
equilibrium and the electron density.
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TABLE 1
INTERSTELLAR ATOMIC LINES IN { OPHIUCHI IN THE REGION 3650-4340 A

TrHis WoOrRK HEerBIG
REST AToM
WAVELENGTH* OR w vi w v
MOLECULE  f-VALUE} (mA) (kms~?) (mA) (kms~?)
3719.935......... Fe1 0.041° 1.9 —14.9 < 3.
3859.913......... Fe1 0.023¢ 1.0 —-15.0 < 3. .
3933.664......... Can 0.69 34.8 —15.1 34.2 —15.0
9.8 —-29.1 10.1 —29.0
3944.018%......... Al1 0.115 < 0.26 < 3. -
3968.470......... Can 0.344 20.6 —14.8 21.3 —14.2
4.7 —28.8 5.4 —28.0
4044.145°. ........ K1 0.0061 0.8 —153 < 3. .
4047.213......... K1 0.0031 0.3 —15.0 < 3.
4226.728. . ....... Ca1 1.75 1.3 —15.8 < 3.

* All rest wavelengths are from Herbig (1968) except where noted. ® Burgess ez al. (1960).

b Moore (1945).

1 All atomic f-values are from Wiese et al. (1969) except as noted. ° Bridges and Wiese (1970).
4 Corliss and Bozman (1962) scaled to the results of Bridges and Wiese (1970).

I Heliocentric velocity of line centroid.

1.00 -MWV\/\MM'
B Fel 37199 A

096 -
1.00 -

Fel 38599 A
0.96

1.00 :/J\Mw\ /»\Wwwm\mw_

Cal 42267A
096

1.00 —
090 -
.00
0.90 -

Call 39337A

Call 39685 A

.00 —WW—
- K1 4044.1A -
096 - ~
1.00 LA \ANAIAANA Y
Qgst ~14.8 — K1 4047.2 A :]

TR SR NN N A SN NN N NN B )
-50 +50

0
VELOCITY (KM/SEC)

Fi1G. 2.—The atomic line profiles observed in the —15km
s~* cloud in the direction of £ Oph plotted versus heliocentric
velocity.

TABLE 2
Atomic CoLUMN DEeNSITIES (—15 km s~ cloud)

Atom 2 (A) N(cm=2 x 10-11)
Fer...... 3719.935 3.8
3859.913 3.3
Car...... 4226.728 0.047
Cam..... 3933.664
3968.470 4.8
KrI....... 4044.145 9.1
4047.213 6.8
Alr...... 3944.018 <0.16

The usual equation of ionization equilibrium is

n(Xr+1)ne — Pr
X)) e M

where r is the stage of ionization, the »n’s are number
densities (cm~3), n, is the electron density, I, is the
photoionization rate of atoms in the rth stage of
ionization, and e, is the total recombination rate to the
rth stage of ionization. (The subscript r will be dropped
from I'" and o hereafter.) The photoionization rate is

Ao
T = 10-%h-* J aud) @
0

where A is in angstroms, A, is the ionization threshold,
a, is the photoionization cross-section (cm? atom™1),
and u, is the radiation density (ergs cm~2 A-1). From
equations (1) and (2) and the observed column-density
ratio Ca 11/Ca 1, we can compute 7, as a function of the
radiation field; knowing the electron density, we can
then compute abundances of atoms whose neutral
form is observed, provided that their photoionization
cross-sections and recombination rates are known. In
order to proceed with this program, we must first
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d_ecide on the ionization cross-sections and recombina-
tion rates to be used, and also choose a radiation field
from among those available in the literature.

a) Atomic Data

For Ca 1 we adopt the relative photoelectric cross-
sections of Newsom (1966) placed on an absolute
scale a factor of 2.2 higher as determined by Mcllrath
and Sandeman (1972). The cross-sections of Hudson
and Carter (1965, 1967) are used for K 1 and Na 1,
respectively. We use the recent theoretical Fe 1
cross-sections of Kelly and Ron (1971) and the new
measurements of Kohl and Parkinson (1973) for the
cross-sections of Al 1. The recombination coefficients
for Ca 1, Na 11, and K 11 are taken from Seaton (1951)
while that of Al 11 is from Burgess, Field, and Michie
(1960). The assumed electron temperature is 100° K.
The recombination coefficient of Fe 11 is not known,
but we adopt a value 0.6 x 10~ cm®s~!, com-
parable to that of other atoms.

It should be noted that recent measurements of
photoionization cross-sections using new techniques
for optical path-length determinations have shown
that older absolute scales can be in error by as much
as a factor of 3. These modern determinations are
available for Ca 1 and Al 1 but not for Na 1, K 1, or
Fe 1. It is possible, therefore, that future laboratory
work could make a substantial difference in the results
presented here.

b) Radiation Field

The radiation field is somewhat uncertain. Recent
calculations of the general galactic field (Habing 1968;
Witt and Johnson 1973) disagree by a factor of 2 at
some wavelengths. Furthermore, the distance of the
—15km s~ cloud from ¢ Oph is not known, and so
the stellar contribution to the ionizing field is difficult
to assess. To try to account for these uncertainties, we
have calculated the ionization rates for two cases: a
high radiation field where { Oph is assumed to be
15 pc from the absorbing matter, and a low field where
{ Oph is assumed far away. The { Oph radiation field is
taken from the BO V line-blanketed model of Hickok
and Morton (1968), and the galactic radiation field
used is the ‘““average” field given by Habing (1968)
in his table 8. Extinction is accounted for by assuming
that the radiation field sees an average Ep_, = 0.14,
which is one-half the reddening measured for { Oph.
A grain albedo with a wavelength dependence given
by Witt and Lillie (1972) is also included by multi-
plying the radiation field by a factor

[ax — (1 — a)) dex (0.44,)]71,

where a, and A, are the wavelength-dependent albedo
and extinction, respectively. The resulting fields differ
from each other by a factor of 3-5 over the wavelength
region 912-2500 A. This range of radiation density is
useful because it brackets many of the other assump-
tions that might be considered including the radiation
field of Witt and Johnson (1973), various assumptions
about the average extinction seen by the atoms in the

Vol. 193

TABLE 3
ATOMIC PHOTOIONIZATION AND RECOMBINATION RATES

I'(x10*)s-?

a(x 10*) cm® s~2,

AToM High Field Low Field T = 100° K
Nar...... 3.96 0.93 0.59*
Alr...... 385 138 0.85°
Kri...... 10.4 2.62 0.56%
Car...... 73.9 21.1 0.60*
Fer...... 44.2 9.6 0.60°

= Seaton (1951). P Burgess et al. (1960). © Assumed.

cloud, and various reasonable distances of { Oph from
the cloud. The ionization rates calculated for the high-
field and low-field cases are given in table 3 along with
the corresponding recombination rates.

¢) Electron Density

The electron density can be computed from equation
(1) using the Ca 1 and Ca 1 column densities from
table 2 and the appropriate photoionization and re-
combination rates from table 3. For the low-radiation-
field case, we obtain #n, = 0.35cm~3; for the
high-field case, n, = 1.21 cm~3. This range of values
for n, is valid only if both the Ca1 and Ca 11 lines are
formed in the same H 1 region. The arguments for the
region being an H 1 region have been thoroughly
presented by Herbig (1968) and will not be repeated
here. Herbig also argued that contributions from a ten-
uous medium or the H u region surrounding { Oph
could not affect the column densities by more than a
factor of 2. This reasoning is further strengthened by
the high-resolution observations of Hobbs (1973) which
show that the atomic species Ca 11, Na I, and K 1 are
heavily concentrated in a single component at a velocity
of —14.4km s~1.

d) Hydrogen Density

If the conventional approximation for H 1 regions
is used, the electron density is directly proportional to
the hydrogen density, ie., n, = 5 x 10 *ny. This
relation assumes that the free electrons are produced
by the ionization of the readily ionized, most abundant,
atomic species, C, Si, S, Fe, Mg. Applying this reason-
ing, we find a hydrogen density in the range 700-
2400 cm 3. Also, the ratio of the column density of
electrons to the column density of hydrogen can be
obtained directly from Copernicus observations of the
ionized species (Morton et al. 1973); this ratio ranges
between 6 x 10-° and 8 x 10~% The higher value
agrees with the conventional one used above. How-
ever, if there is substantial depletion of the elements
and the lower value is correct, then the hydrogen
density is in the range 5800-20,000 cm 3. These den-
sities are much higher than those normally considered
for such H 1 regions. As pointed out recently by White
(1973), this situation tends to support the conjecture
that partial ionization of the hydrogen is taking place.
With the maximum ionization rate of Spitzer and
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Tomasko (1968), { = 10-%% s~ the maximum hy-
drogen densities computed above are reduced to the
range 450-4500 cm~8. However, it has been pointed

out that Copernicus results for N 111 and C 11 appear -

to rule out such a large ionization rate due either to
cosmic rays or to soft X-rays (Mészdros 1973).1

e) Elemental Abundances

The observed Ca 1/Ca 11 ratio presented here also
permits us to calculate abundances for several elements.
Substituting the electron density as a function of the
column-density ratio, Ca 1/Ca 11, into equation (1),
we have

Ny, ox FCa Nea:

In general, although the neutral state is observed, the
ionized state dominates for the elements of concern
here, so that

NX = NXI + NXn fad NXII

_ FX f‘_c_a.NCan NXI' (3)

'FCa ox NCa 1

The interesting feature of equation (3) is that Ny
depends only on the ratio I'y/I'c, and cx/«g,, SO that
the computed abundances are only weakly dependent
on the assumed radiation field and temperatures.

Abundances relative to hydrogen can be obtained by
using the observed H 1 column density of 4 x 102°
atoms cm~2, The Copernicus results (Spitzer et al.
1973) show that the inclusion of molecular hydrogen
cannot change these relative abundances by more than
a factor of 2. Furthermore, Hobbs (1973) has shown
that at least the CH* molecule appears at a radial
velocity shifted 2 kms—! away from the principal
atomic lines. It is possible, therefore, that all of the
molecules are in a different cloud, and we will omit
consideration of the molecular hydrogen from the
following discussion.

i) Sodium

The Na 1 column density was not measured in our
work, and we take instead the value obtained by

1 An anonymous referee has pointed out that these high
densities imply a pressure in the cloud well in excess of that
for the general interstellar medium. For a hydrogen density of
1000 cm~2 and a temperature of 100° K, nyTis 105 ° K cm~3,
while in the intercloud medium nxT is on the order of 10° ° K
cm~3, This situation is improved somewhat if the kinetic
temperature is dropped to about 50° K in the cloud as sug-
gested by the lower rotational-level populations of H, (Spitzer
et al. 1973). In the case where no hydrogen is ionized, ny is
proportional to n., which in turn is proportional to «~?, the
Ca 11 recombination rate. The recombination rate has a 77
temperature dependence so that nyT varies as T*7. Therefore,
reducing the temperature by a factor of 2 reduces the electron
and hydrogen densities by a factor of 1.6, and the pressure by
a factor of 3.2. To come closer still to pressure equilibrium in
the interstellar medium, the hydrogen density in the cloud
must be reduced further. It is noteworthy, however, that both
the low hydrogen ionization rate and the depletion of trace
glements implied by Copernicus results point to a high hydrogen

ensity.
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Herbig (1968) of 4.9 x 10'® cm~2. Applying equation
(3), we find a total Na column density for the low- and
high-field cases of 2.2 x 10** cm~2 and 2.7 x 10%*
cm ™2, respectively. This result yields an abundance
relative to hydrogen of 0.5-0.7 x 1075, a factor of 2-3
lower than the solar value of 1.7 x 1078 given by
Withbroe (1971).

ii) Potassium

The computed total K column density is in the range
1.1-1.2 x 10*® cm~2. The abundance relative to hy-
drogen is then 2.8-3.0 x 1078, again slightly below
the solar value of 1.1 x 10-7.

iii) Calcium

The Ca 1 and Ca 11 column densities have both been
measured leaving only that for Ca 111 to be computed.
The photoionization threshold for Ca 11 is at 1049 A.
If we adhere to our assertion that the region contains
mostly neutral hydrogen so that no radiation exists
below 912 A, then very little Ca 11 can be present;
using the photoionization cross-section for Ca 11
calculated by Burgess and Seaton (1960) and the
recombination rate of Seaton (1951), we find that less
than 20 percent of the Ca can be in Ca 111. Therefore,
the Ca column density is essentially given by the Ca 11
value of 4.8 x 10'* cm~2. The abundance relative to
hydrogen is then 1.2 x 10~°—the well-known result
that interstellar Ca is underabundant in the spectrum
of £ Oph by about a factor of 2000.

iv) Aluminum

From the upper limit in table 2, the computed total
Al column density is found to be less than 6.0-7.1 x
10*2 cm~2. The abundance relative to hydrogen is less
than 1.5-1.8 x 1078 This result shows that Al is
underabundant by at least a factor of 140 when com-
pared with the solar value of 2.5 x 10~% (Withbroe
1971). The Copernicus satellite’s inability to detect
Al 11 and Al 111 is consistent with the depletion of Al
found here. However, the satellite spectrometer’s low
sensitivity at the appropriate wavelengths does not
place as severe a constraint on the Al abundance.

The observed Al depletion is an order of magnitude
greater than the Mg depletion observed by Copernicus,
but it is not much greater than the upper range of the
observed depletion of Fe.

v) Iron

The computed total Fe column density is 1.5-2.1 x
10'3 cm ~2. The abundance relative to hydrogen is 3.9-
5.3 x 1078, which is about a factor of 500 less than
the normal solar abundance. This result is about a
factor of 5 beyond the upper end of the range of
depletion factors allowed by the Copernicus observa-
tions (Morton et al. 1973). This disagreement may
indicate that some revisions are required in the calcu-
lated photoionization cross-sections of Kelly and Ron
(1971) which were used in our computations.

The total column densities, abundances relative to
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TABLE 4
ELEMENTAL ABUNDANCES IN { OPHIUCHI
Depletion
Total Column Densnty* Relative Abundance* Factor
Element N (cm™2) N/|Ngu (N/Ng)o/(N|Nx=)
Na...... 2.2-2.7 x 10** 0.5-0.7 x 10-%" 2.8
K....... 1.1-1.2 x 10*2 2.8-3.0 x 10~8 3.8
Ca...... 4.8 x 10t 1.2 x 10-° 1800
Al....... < 6.0-7.1 x 102 <1.5-1.8 x 10~8 > 140
Fe....... 1.5-2.1 x 103 3.9-5.3 x 10-8 540

* The two values given correspond to the low and high radiation fields discussed

in the text.

hydrogen, and depletion factors relative to Withbroe’s
solar abundances (1971) are summarized in table 4.

V. SUMMARY

The observations described here indicate that rather
precise information on dense H 1 regions can be ob-
tained by high-sensitivity, ground-based spectral obser-
vations. In particular, observations of the Ca 1/Ca 11
ratio directly yield the electron density, which in turn
yields quite accurate abundances for a number of
elements. The numerical results obtained for the —15
kms-* cloud in the direction of { Oph can be
summarized as follows:

1.3The electron density is in the range 0.35-1.2
cm ™3,

2. The hydrogen density may be as high as 5800-
20,000 cm ~2 if no ionization of the hydrogen is taking
place. However, if the hydrogen is partially ionized,
the density could be less than 450 cm~3.

3. Abundances relative to hydrogen can be deter-
mined accurately with only a slight dependence on the
choice of the radiation field. Sodium and potassium
are slightly underabundant by a factor of 3, while Ca,
Al, and Fe appear to be depleted by factors ranging
from 140 to 1800. All elements, therefore, appear to
be locked-up to some extent in the interstellar grains.
However, in the case of Na and K, better measure-
ments of the absolute photoionization cross-sections
are probably needed to confirm this conclusion.

We would like to thank G. Field, A. Glassgold,
L. Hobbs, T. Mcllrath, P. Solomon, and R. White for
helpful discussions of this work. The observations
were made possible by a generous grant of time by
the director of the Lick Observatory; and various
members of the Lick staff, especially G. Herbig and
R.Kraft, provided valuable advice. (For data reduction
techniques, see Bortolot, Ph.D. thesis, New York
University, 1972.)
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